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1.  Introduction 

Sorbent  design  is  an  active  field  of  study  in  a  variety  of  com¬ 
modity  areas,  including  catalysis  [1,2],  gas  storage  [3,4],  and  sepa¬ 
rations  [5,6].  Each  of  these  areas  requires  specific  micro-  and 
macro-level  properties.  For  example,  chemical  storage  or  removal 
may  depend  on  a  combination  of  physical  properties,  such  as 
porosity  and  surface  area,  as  well  as  chemical  properties,  such  as 
reaction  with  surface  groups.  In  all  cases,  materials  must  also  be 
used  in  forms  suitable  for  their  host  application,  and  engineered 
such  that  performance  and  energy  (pressure  drop)  are  optimized. 

One  of  the  more  challenging  applications  for  sorbent  design  is 
air  purification  and  filtration.  Due  to  the  wide  variety  of  chemicals 
that  can  be  encountered,  including  highly  toxic  nerve  agents, 
acidic/acid-forming  gases  such  as  chlorine,  phosgene,  sulfur  diox¬ 
ide,  and  hydrogen  chloride,  as  well  as  basic  gases  such  as  ammonia, 
materials  must  be  developed  with  several  different  functionalities 
capable  of  removing  different  classes  of  chemicals. 

Metal-organic  frameworks  (MOFs)  have  been  widely  investi¬ 
gated  over  the  past  decade  for  use  in  these  different  applications 
[7-11].  MOFs  combine  metal  nodes  with  organic  linkers,  forming 
extended  nanoporous  networks.  They  are  of  particular  interest 
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due  to  the  wide  variety  of  functionalities  that  can  be  combined 
to  tune  physical  and  chemical  properties  of  the  sorbent.  One  such 
material,  UiO-66,  is  a  promising  MOF  for  several  reasons.  It  is  one 
of  the  most  stable  MOFs  known,  as  it  does  not  degrade  in  acids, 
many  typical  solvents,  or  due  to  moisture  [12].  It  can  also  be  func¬ 
tionalized  in  a  variety  of  ways,  either  during  initial  synthesis  by 
using  linkers  with  pendant  groups  [13-16],  or  post-synthesis  using 
chemical  reactions  or  exchange  [17,18].  Because  of  these  proper¬ 
ties,  UiO-66  is  essentially  a  molecular  scaffold  that  can  be  tuned 
depending  on  the  application. 

Another  promising  material,  CuBTC  (aka  Cu3(BTC)2,  or  HKUST- 
1),  has  been  extensively  studied  in  a  variety  of  applications 
[19,20].  Although  this  material  is  not  stable  to  moisture  [21],  meth¬ 
ods  have  been  developed  to  stabilize  the  material,  such  as  with  a 
plasma-enhanced  chemical  vapor  deposition  of  perfluorohexane 
[22].  Peterson  and  coworkers  demonstrated  the  high  efficiency  of 
CuBTC  for  ammonia  removal  [23],  and  therefore  this  MOF  is  a 
prime  candidate  for  incorporation  into  filtration  applications. 

Several  previous  efforts  have  examined  pelletizing  MOFs  [24- 
27],  including  UiO-66  and  CuBTC  [12,28];  however,  many  involve 
pelletization  with  a  binder  [29,30],  which  inherently  changes  the 
properties  of  the  material.  Many  of  the  efforts  also  fail  to  examine 
the  changes  to  porosity,  density,  and  other  important  engineering 
parameters  [12],  or  investigate  liquid  sorption  [28]  as  opposed  to 
toxic  chemical  removal.  In  addition  to  binders,  it  is  common  to 
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form  pellets  through  the  application  of  direct  pressure  on  powders. 
The  effect  of  pressure  for  forming  MOF  pellets  on  toxic  chemical  fil¬ 
tration  capacity  has  not  been  extensively  detailed  in  the  literature. 
One  recent  effort  by  Kim  and  coworkers  did  in  fact  investigate 
using  pressure  with  and  without  binders  to  create  pellets  of  CuBTC 

[31] ;  however,  X-ray  diffraction  data  indicated  the  degradation  of 
the  structure  at  higher  pressures.  Moggach  and  coworkers  investi¬ 
gated  changes  to  the  CuBTC  crystal  structure  upon  pressurization 

[32] ,  while  Cheetham  and  Tan  reviewed  the  effect  of  pressure  on 
variety  of  MOFs,  including  CuBTC  [33]. 

This  paper  examines  the  first  steps  in  materials  engineering, 
with  the  objective  of  determining  the  effects  of  pressure  during 
pelletization  on  the  physical  properties  and  chemical  removal 
capabilities.  UiO-66  and  CuBTC  were  pressed  at  1000  and 
10,000  psi,  followed  by  structural  characterization  and  break¬ 
through  testing. 

2.  Experimental 

2.2.  Materials  synthesis 

CuBTC  was  purchased  from  Sigma  Aldrich,  while  UiO-66  was 
synthesized  in-house.  For  the  latter,  19.068  mmoles  of  zirconium 
(IV)  chloride  and  19.068  mmoles  of  benzene  dicarboxyalate  were 
mixed  in  742  ml  of  dimethyl  formamide  (DMF)  at  room  tempera¬ 
ture  in  a  glass  beaker.  The  resulting  mixture  was  divided  in  equal 
parts  into  three  500  ml  glass  jars.  The  jars  were  placed  in  a  pre¬ 
heated  oven  at  120  °C  for  24  h.  The  solution  was  cooled  to  room 
temperate,  and  the  resulting  solid  was  repeatedly  washed  with 
DMF.  DMF  was  subsequently  exchanged  with  methanol  and  then 
activated  in  a  vacuum  oven  prior  to  forming  particles. 

2.2.  Pellet  and  materials  preparation 

Pellets  were  prepared  using  a  Carver  Press.  For  UiO-66,  two 
grams  of  powder  were  inserted  into  a  35  mm  die  and  pressed  at 
1000  and  10,000  psi  for  one  minute  (UiO-66-PlOOO  and  UiO-66- 
P10000,  respectively).  For  CuBTC,  two  grams  were  loaded  into 
the  35  mm  die  within  a  glove  box,  and  then  sealed  in  a  plastic 
bag  void  of  gases.  The  powder  was  pressed  at  1000  and 
10,000  psi  for  one  minute  within  the  plastic  bag  and  removed 
within  the  glove  box  (CuBTC-PlOOO  and  CuBTC-PlOOOO  respec¬ 
tively).  This  procedure  was  conducted  to  keep  moisture  from 
destroying  the  crystal  structure  and  porosity  [21].  Each  pellet 
was  ground  using  a  mortar  and  pestle  within  the  plastic  bag  to 
make  powders  for  breakthrough  testing.  In  the  case  of  CuBTC- 
PlOOO,  the  sample  did  not  form  a  full  pellet,  and  powder  was  still 
present  in  the  die,  indicating  the  pressure  is  not  sufficient  to  pro¬ 
vide  an  engineered  material;  nonetheless,  the  material  was  still 
evaluated  for  physical  and  chemical  removal  properties.  In  the 
materials  pressed  at  higher  pressures,  materials  were  crushed  to 
compare  to  virgin  powder;  however,  it  is  possible  to  make  engi¬ 
neered  particles  via  crushing  and  sieving  operations. 

2.3.  PXRD 

Powder  X-ray  diffraction  (PXRD)  measurements  were  taken 
using  a  PANalytical  X’Pert  X-ray  powder  diffractometer  with  an 
X’celerator  detector.  Samples  were  scanned  at  45  kV  and  40  mA, 
using  CuKa  radiation  (2  =  1.54  A),  a  step  size  of  20  =  0.033° 
(10.08  s/step)  over  the  29  range  of  10-80°.  Zero-background  discs 
were  used  to  minimize  background  scattering.  PXRD  patterns  were 
processed  using  the  Reflex  module  in  Material  Studio  5.5  by 
Accelrys. 


2.4.  Attenuated  total  reflectance  -  fourier  transform  infrared 
spectroscopy 

Infrared  transmission  spectra  were  collected  for  samples  using 
a  Bruker  Tensor  27  FTIR  equipped  with  a  Bruker  Platinum  attenu¬ 
ated  total  reflectance  accessory  with  a  single  reflection  diamond 
crystal.  Scans  were  taken  from  approximately  4000  to  600  cm-1. 
Sixteen  scans  were  averaged,  and  resulting  spectra  were  back¬ 
ground  subtracted  and  baseline  corrected. 


2.5.  Nitrogen  isotherm 

Nitrogen  porosimetry  data  were  collected  using  a  Quanta- 
chrome  Autosorb  1C  Analyzer.  The  UiO-66  samples  were  out- 
gassed  at  350  °C  for  approximately  24  h,  and  the  CuBTC 
samples  were  outgassed  at  150°C  for  approximately  24  h.  The 
surface  area  was  calculated  using  the  BET  method  [34],  and 
the  pore  size  distribution  was  calculated  with  non-local  density 
functional  theory  (NLDFT)  using  a  slit-pore  carbon  kernel.  Total 
pore  volume  was  calculated  at  a  P/P0  of  0.99,  and  the  micropore 
volume  was  calculated  using  the  Dubinin-Radushkevitch  (DR) 
method. 


2.6.  Breakthrough  testing 

Breakthrough  testing  was  conducted  to  assess  the  effect  of 
pressure  during  pelletization  on  chemical  removal  performance. 
UiO-66  samples  were  evaluated  against  octane,  while  CuBTC 
samples  were  evaluated  against  ammonia.  All  samples  were  first 
activated  at  approximately  150°C  (CuBTC)  to  170°C  (UiO-66) 
under  dry  flowing  air  for  1  h,  and  then  loaded  into  4  mm  i.d.  frit¬ 
ted  glass  tubes  to  a  depth  of  4  mm.  Table  1  summarizes  the  test 
conditions.  The  ammonia  microbreakthrough  apparatus  has  been 
described  previously  [11,23].  Briefly,  a  ballast  was  pressurized 
with  a  known  amount  of  ammonia,  then  mixed  with  a  diluent 
stream  at  0%  relative  humidity  (RH)  and  atmospheric  pressure 
at  rates  necessary  to  achieve  a  challenge  concentration  of 
1,000  mg/m3.  The  stream  then  passed  through  the  fritted  glass 
tube  packed  with  sorbent.  The  effluent  concentration  was  con¬ 
tinuously  monitored  using  a  Hewlett  Packard  (HP)  5890  gas 
chromatograph  equipped  with  a  photoionization  detector  (PID). 
Octane  testing  was  conducted  in  a  similar  fashion,  with  the 
exception  of  the  feed  delivery  and  effluent  monitoring.  Dry  air 
was  passed  over  octane  in  a  saturator  cell,  creating  a  saturated 
vapor  stream,  and  then  mixed  with  a  diluent  stream  to  achieve 
a  challenge  concentration  of  4,000  mg/m3.  Effluent  monitoring 
was  conducted  with  an  HP  GC  equipped  with  a  flame  ionization 
detector  (FID).  The  microbreakthrough  system  has  an  approxi¬ 
mately  standard  deviation  of  10%.  Results  are  plotted  on  a 
weighted  basis  (min/g)  to  account  for  differences  in  density. 
Chemical  loadings  were  calculated  by  integration  of  the  area  un¬ 
der  the  breakthrough  curves. 


Table  1 

Microbreakthrough  testing  conditions. 


Parameter 

Ammonia  system 

Octane  system 

Temperature 

20  °C 

20  °C 

RH 

0%  (-40  °C  dew  point) 

0%  (-40  °C  dew  point) 

Adsorbent  mass 

-10-25  mg 

-10-25  mg 

Adsorbent  volume 

55  mm3 

55  mm3 

Flow  rate 

20  mL/min 

20  mL/min 

Challenge  concentration 

1 000  mg/m3 

4000  mg/m3 
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Fig.  1.  CuBTC  samples  as-received,  pelletized  at  1000  psi,  and  pelletized  at  10,000  psi.  After  pelletization,  samples  were  crushed  into  small  sizes  to  characterize. 


Table  2 

Surface  area  and  pore  volume  measurements  for  CuBTC  samples. 


Sample 

BET  surface 
area  (m2/g) 

Total  pore 
volume  (cc/g) 

%Micropore 
volume  (%) 

Density 

(cc/g) 

CuBTC 

1698 

0.75 

93.7 

0.30 

CuBTC-PlOOO 

1045 

0.61 

73.2 

0.28 

CuBTC-PlOOOO 

892 

0.52 

73.3 

0.41 

3.  Results  and  discussion 

3.1.  CuBTC  pelletization 

The  use  of  the  die  resulted  in  a  disk,  or  pieces  of  a  disk,  approx¬ 
imately  35  mm  in  diameter.  In  order  to  characterize  the  materials 


the  disk  was  broken  into  smaller  pieces  using  a  mortar  and  pestle. 
The  powders  were  not  crushed  to  a  particular  mesh  size  and  were 
not  sieved.  Fig.  1  illustrates  the  crushed  particles  of  CuBTC.  As  the 
pelletization  pressure  increases,  the  powder  transforms  into  more 
discrete  particles,  taking  on  a  more  macro-crystalline  form.  The 
density  of  the  materials  was  calculated  by  placing  a  known  mass 
of  material  within  a  small  graduated  cylinder,  and,  as  shown  in  Ta¬ 
ble  2,  the  density  remains  consistent  for  the  as-received  materials 
and  the  powders  pressed  at  1000  psi,  but  increases  dramatically  for 
materials  pressed  at  10,000  psi. 

3.1.1.  Physical  properties  characterization 

Fig.  2  shows  the  powder  X-ray  diffraction  data  collected  to  en¬ 
sure  that  the  crystal  structure  remained  intact  after  pelletization. 
Overall,  the  patterns  are  consistent  for  the  three  preparations,  indi¬ 
cating  that  the  crystal  structures  remain  intact.  However,  the  sig- 
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Fig.  2.  (a)  PXRD  and  (b)  FTIR  spectra  for  CuBTC  samples. 


Fig.  3.  (a)  Nitrogen  isotherms  and  (b)  pore  size  distributions  for  CuBTC  samples.  As  pelletization  pressure  increases,  mesopores  are  formed  within  the  material. 
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Weighted  Time  (min/g) 


Fig.  4.  Ammonia  breakthrough  results  for  CuBTC  samples.  Results  show  consistent 
ammonia  removal  for  all  three  samples. 


Table  3 

Ammonia  breakthrough  results. 


Sample 

Loading  (mmol/g) 

CuBTC 

7.2 

CuBTC-PlOOO 

7.2 

CuBTC-PlOOOO 

7.1 

nal-to-noise  ratio  decreases  as  the  pressure  increases,  indicating  at 
least  partial  structural  collapse.  To  further  ensure  that  the  only 
changes  to  the  powders  were  physical,  and  not  chemical,  FTIR 
spectra  were  collected,  and  are  also  shown  in  Fig.  2.  The  CuBTC 
exhibits  the  same  spectra  for  all  three  preparations,  indicating  they 
remain  structurally  intact. 

Nitrogen  isotherms  were  collected  to  determine  if  porosity 
and  pore  size  distribution  were  affected  by  the  pelletization  pro¬ 
cess.  Fig.  3  illustrates  the  nitrogen  uptake  for  the  CuBTC  samples, 
and  Table  2  summarizes  the  BET  surface  area  and  pore  volume 
of  the  three  CuBTC  samples.  The  as-received  CuBTC  exhibits  a 
surface  area  consistent  with  the  literature  [35].  The  as-received 
sample  has  the  highest  uptake,  followed  by  the  sample  pressed 
at  1000  psi  and  finally  the  sample  pressed  at  10,000  psi.  The  de¬ 
crease  in  surface  area  may  be  explained  by  localized  pore  struc¬ 
ture  collapse,  which  is  supported  by  the  reduced  signal-to-noise 
of  the  CuBTC-PlOOO  sample.  This  is  further  supported  by  the 
development  of  mesopores,  as  seen  by  the  hysteresis  curves 
for  the  CuBTC-PlOOO  and  especially  the  CuBTC-PlOOOO  samples. 
Note  the  decrease  in  micropores  and  the  increase  in  mesopores 
in  the  distribution  plot  of  Fig.  3.  It  is  possible  that  during  the 
pelletization  process,  some  bonds  are  broken,  creating  the 
mesopores. 


Table  4 

Surface  area  and  pore  volumes  for  UiO-66  samples. 


Sample 

BET  surface 
area  (m2/g) 

Total  pore 
volume  (cc/g) 

%Micropore 
volume  (%) 

Density  (cc/ 
g) 

UiO-66 

1080 

0.65 

67.7 

0.28 

UiO-66-PlOOO 

1080 

0.66 

63.3 

0.28 

UiO-66- 

1090 

0.59 

69.5 

0.37 

P10000 

3 A. 2.  Ammonia  microbreakthrough  testing 

CuBTC  has  previously  been  shown  to  provide  excellent  ammo¬ 
nia  removal  capabilities  [23],  and  therefore  samples  were  evalu¬ 
ated  for  their  ammonia  removal  capabilities  using  a  powder 
breakthrough  system  to  determine  the  effects  of  pressing  on  per¬ 
formance.  Fig.  4  illustrates  the  ammonia  breakthrough  curves.  Re¬ 
sults  are  plotted  on  a  weighted  basis  to  account  for  changes  in 
density  of  the  material.  For  both  the  pressed  samples,  ammonia  be¬ 
gins  eluting  faster  than  the  CuBTC  as-received  sample,  possibly 
indicating  issues  of  ammonia  diffusing  into  the  pores.  The  de¬ 
creased  sharpness  of  the  breakthrough  curves  further  supports  dif¬ 
fusion  resistance  in  the  pressed  samples.  The  total  loading,  as 
shown  in  Table  3,  however,  shows  a  consistent  loading  to  satura¬ 
tion  for  all  three  samples.  This  indicates  that,  although  the  surface 
area  and  pore  volume  decrease  with  increasing  pressure,  the  sites 
responsible  for  ammonia  sorption  are  still  accessible  and  active. 
Also  of  note  is  the  sharp  desorption  curves,  indicating  ammonia 
is  irreversibly  adsorbed/reacted  on  the  surface.  The  data  shows 
that  although  the  porosity  decreases,  pressing  CuBTC  into  pellets 
does  not  degrade  the  total  capacity  of  the  material. 

3.2.  UiO-66  pelletization 

Fig.  5  shows  the  crushed  UiO-66  pellets,  and  Table  4  summa¬ 
rizes  the  surface  area,  pore  volume,  and  densities  of  the  materials. 
Note  that,  especially  for  the  UiO-66-PlOOOO  sample,  the  material  is 
quite  hard  and  retains  significant  macrostructure  after  crushing. 
Only  the  smallest  granules  were  forwarded  for  octane  testing. 
The  density  of  the  material  also  increases  for  the  UiO-66-PlOOOO 
sample  as  compared  to  the  UiO-66  material;  however,  the  UiO- 
66-P1000  has  a  similar  density  to  UiO-66. 

3.2.1.  Physical  property  characterization 

Fig.  6  illustrates  the  PXRD  data  collected  to  determine  changes 
to  the  crystal  structure.  It  is  apparent  from  the  data  that  pressing 
the  UiO-66  results  in  no  change  to  the  crystal  structure.  FTIR  spec¬ 
tra  indicate  consistent  functional  groups  between  the  samples,  fur¬ 
ther  indicating  no  chemical  changes  occurred  during  pressing. 

Nitrogen  isotherm  data  were  collected  to  determine  if  the  pel¬ 
letization  process  affected  the  pore  structure  as  is  the  case  with 
CuBTC.  Fig.  7  summarizes  the  nitrogen  uptake  and  pore  size  distri¬ 
butions  for  the  UiO-66  samples.  Isotherm  data  for  the  samples 
indicate  that  pressure  has  little  effect  on  the  overall  nitrogen  up- 


Fig.  5.  UiO-66  samples  as-received,  pelletized  at  1000  psi,  and  pelletized  at  10,000  psi.  After  pelletization,  samples  were  crushed  into  small  sizes  to  characterize. 
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Fig.  6.  (a)  PXRD  and  (b)  FTIR  spectra  for  UiO-66  samples.  Spectra  for  both  techniques  indicate  no  changes  to  the  crystal  structure  or  functional  groups. 


Fig.  7.  (a)  Nitrogen  isotherm  data  and  (b)  pore  size  distributions  for  UiO-66 
mesoporosity  due  to  pressing. 


:.  Data  indicate  little  effect  of  pressure  on  nitrogen  uptake,  but  some  increase  in 


Fig.  8.  Octane  breakthrough  results.  The  three  samples  tested  show  similar 
breakthrough  behavior,  indicating  pelletization  has  limited  effects  on  performance. 


take,  as  all  three  isotherms  are  consistent  throughout  all  relative 
pressures,  within  experimental  error.  The  surface  areas  are  also 
consistent  for  the  three  samples,  although  they  are  lower  than  pre¬ 
viously  reported  values  [36].  A  reason  for  this  is  unknown,  as  the 


Table  5 

Octane  breakthrough  results. 


Sample 

Loading  (mmol/g) 

UiO-66 

2.5 

UiO-66-PlOOO 

2.3 

UiO-66-PlOOOO 

2.1 

crystal  structure  is  consistent  with  reported  X-ray  patterns;  there¬ 
fore,  it  may  be  due  to  activation  procedure.  The  pore  size  distribu¬ 
tions  are  also  fairly  consistent,  although  the  powder  UiO-66 
sample  shows  slightly  higher  microporosity,  with  mesoporosity 
developing  in  the  pressed  samples.  This  behavior  can  be  expected, 
as  larger  pores  may  be  developed  in  between  the  crystals  of  the 
pressed  structures  during  pelletization. 

3.2.2.  Octane  microbreakthrough  testing 

UiO-66  has  limited  functionality,  and  therefore  octane  was  cho¬ 
sen  as  a  test  gas  to  evaluate  the  effects  of  pressure  on  performance. 
Powders  were  tested  at  a  constant  volume,  with  the  mass  varying 
according  to  changes  in  density  from  the  pelletization  process. 
Fig.  8  illustrates  the  results,  which  are  plotted  on  a  weighted  time 
and  relative  concentration  basis.  Three  replicates  were  tested  for 
each  sample.  Surprisingly,  the  baseline  UiO-66  sample  exhibits  oc¬ 
tane  breakthrough  prior  to  the  two  pressed  samples.  However,  all 
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three  samples  reach  saturation  at  approximately  the  same 
weighted  time.  And,  as  shown  in  Table  5,  the  UiO-66  sample  actu¬ 
ally  has  the  highest  octane  adsorption  capacity,  with  capacity 
decreasing  as  pelletization  pressure  increases.  Even  after  pressing 
at  10,000  psi,  however,  the  material  still  retains  significant  octane 
removal  capacity.  These  results  are  consistent  with  the  nitrogen 
isotherm  data,  which  show  little  or  no  change  in  porosity  and  sur¬ 
face  area  of  the  materials  after  pelletization. 

4.  Conclusions 

The  metal-organic  frameworks  CuBTC  and  UiO-66  were  pressed 
at  1000  and  10,000  psi  as  a  first  step  to  engineering  particles  for 
use  in  chemical  removal  applications.  In  both  cases,  PXRD  and  FTIR 
data  indicate  that  the  crystal  structures  remain  intact  after  press¬ 
ing.  The  surface  area  and  porosity  of  CuBTC  decrease  significantly 
after  pressing,  whereas  the  pressure  has  much  less  of  an  effect 
on  UiO-66.  Although  the  CuBTC  material  exhibited  reduced  poros¬ 
ity,  the  ammonia  removal  performance  was  unaffected,  indicating 
that  engineering  CuBTC  into  hard  granules  is  possible  without  det¬ 
rimental  effects.  Octane  breakthrough  results  do  indicate  degrada¬ 
tion  in  performance  for  the  UiO-66  material,  but  even  the  sample 
pressed  at  10,000  psi  still  retains  significant  removal  capacity. 

Results  from  the  study  indicate  that  indeed  both  CuBTC  and 
UiO-66  can  be  engineered  into  forms  suitable  for  chemical  removal 
applications.  Although  some  degradation  in  porosity  is  seen  for  the 
samples,  both  still  exhibit  substantial  chemical  removal  capabili¬ 
ties  after  pelletization.  Further  studies  will  be  conducted  to  opti¬ 
mize  hardness  and  density  for  larger-scale  testing. 
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